The experimental quantification of the process parameters associated with bone burring represents a desirable outcome both from the perspective of an optimized surgical procedure as well as that of a future implementation into the design of closed-loop controllers used in robot-assisted bone removal operations. Along these lines, the present study presents an experimental investigation of the effects that tool type, rotational speed of the tool, depth of cut, feed rate, cutting track overlap, and tool angle (to a total of 864 total unique combinations) have on bone temperature, tool vibration, and cutting forces associated with superficial bone removal operations. The experimental apparatus developed for this purpose allowed a concurrent measurement of bone temperature, tool vibration, and cutting forces as a function of various process parameter combinations. A fully balanced experimental design involving burring trials performed on a sawbone analog was carried out to establish process trends and subsets leading to local maximums and minimums in temperature and vibration were further investigated. Among the parameters tested, a spherical burr of 6 mm turning at 15,000 r/min and advancing at 2 mm/s with a 50% overlap between adjacent tool paths was found to yield both low temperatures at the bone/tool interface and minimal vibrations. This optimal set of parameters enables a versatile engagement between tool and bone without sacrificing the optimal process outcomes.
Introduction
High-speed burring is a common bone removal process that is required in various orthopedic, otologic, and dental surgical treatments and is becoming more widely employed in robotic and navigated joint resurfacing procedure. The typical rotational speed of the burr used in these surgical procedures varies anywhere between 10,000 and 80,000 r/min. The interest in examining the bone removal process stems in the fact that it is known that permanent thermal bone damage (osteonecrosis) could occur which could in turn limit postsurgery bone ingrowth. [1] [2] [3] While the necrotic thermal threshold of the bone varies in the surveyed literature, it can be assumed that the most important conditions that are responsible for osteonecrosis are the temperature at the cutting tool-bone interface and the exposure time. For instance, bone temperatures of 47°C coupled with an exposure time of 5 min or 50°C for 1 min have consistently lead to bone damage. 2 Irrespective of the actual necrotic thermal threshold of the bone, several experimental studies have attempted to characterize and maximize the efficiency of the bone removal process by means of the temperature generated at the surface of the osseous specimen. [4] [5] [6] [7] [8] [9] [10] In the more specific context of bone burring, Denis et al. 11 and Shin and 1 Yoon 12 used infrared pyrometers to measure the superficial temperature of freshly cut specimens. Their combined results suggest that the reduced thermal damage during bone burring is obtained with higher chip load (feed/tooth), 11 lower cutter rotational, 11 increased feed rates, 12 and decreased depth of cut. 12 These findings have important implications for the emerging field of robot-assisted surgery that calls for an automated and efficient bone removal process [13] [14] [15] [16] to be controlled through a closed-loop focused on the optimization of the cutting forces. 17, 18 In this context, Sugita et al. 17 have developed an automated forcefeedback control loop able to minimize both the thermal effects and the overall cutting time through an appropriate tuning of the burring feed rate. Along the same lines, the study performed by Dillon et al. 18 recommended that the design of an efficient milling trajectory should combine high linear cutting velocities with shallow depths of cut to reduce burring forces.
In addition to cutting forces, burring vibrations represent another important variable to be included in automated burring control loops, particularly since they will significantly affect the overall precision of the process. Dai et al. 19, 20 proved the feasibility of a vibrationfeedback controller in improving the safety of the robot-assisted bone milling/surgery. Another somewhat indirect attempt to experimentally quantify burring vibrations has been made by Denis et al., 11 who concluded that surface flatness could be regarded as a byproduct of the dynamic effects of the tool.
Based on the above, it can be inferred that the experimental quantification of the bone removal characteristics associated with bone burring represents a desirable outcome for an array of surgical applications, regardless if manually or automatically conducted. It is also important to recognize that in order to optimize the value of burring parameters and/or to enhance the overall efficiency of the process, certain quantifiable metrics have to be defined. Because of this, the selection of the process outcomes to be tracked/ measured is of paramount importance since it provides hints on the rationale underlying the core definition of optimal and/or suboptimal burring parameters. The surveyed literature suggests that different optimization outcome metrics, such as burring temperature, cutting forces, burring vibration, could be used. However, it is reasonable to expect that a sole optimization objective-that was in fact employed by the vast majority of the prior studies-represents a limiting factor since it does not allow a comprehensive analysis of the inherent interdependencies between both independent and dependent variables/metrics associated with the burring process. A deeper understanding of the burring process will allow for a more adequate selection of burring process parameters to ensure reliability and patient safety during manual or automated burring procedures.
To address this, the primary goal of the present study was to investigate the compound effects of various independent variables/process parameters (tool type, rotational speed of the tool, depth of cut, etc.) on three major process outcomes: bone temperature, cutting forces, and tool vibration. A precision apparatus was fabricated to control these burring parameters, as outlined in subsequent sections, and a statistical model was designed to detect trends in burring temperature and vibration as a function of changing parameters. To ensure a highly controlled experiment, burring was performed on sawbone analogs rather than real bone. While it is certain that sawbone will not produce the same absolute temperatures and vibrations as bone, if either of these is found to trend with a certain burring parameter, then the same trend should exist in bone as well as in sawbone. Notwithstanding that the absolute values will differ between bone and sawbone, an understanding of the process trends can be used to construct a minimization strategy for burring bone.
Development of the experimental apparatus
To address the primary goal of the study, an experimental apparatus was designed and manufactured to facilitate the concurrent measurement of the both dependent and independent process parameters. For the purpose of this study, the following eight variables were selected as the controlled inputs of the bone burring process: rotational speed of the tool, tool shape (i.e. cylindrical or spherical), tool diameter, depth of cut, feed rate, cutting track overlap (i.e. the amount of overlap between adjacent burring tracks), tool inclination angle, and tool tilt angle. To assess the efficiency of the burring process, three dependent variables were measured, namely superficial temperature of the bone, three-axial cutting force components, and tool vibration. The core of the developed experimental apparatus consists of a burring tool clamp and a workpiece holding system whose constructive details will be detailed further.
Tool positioning assembly
The Midas Rex EHS Stylus type EM200 (Medtronic, Minneapolis, MN, USA) was selected to deliver the main rotational motion of the burring tool. The rotational speed of the burring tool can be varied continuously between 200 and 75,000 r/min and its control is provided through an OEM-integrated power console model EC 300. The tools used were a 4 mm fluted spherical burr (cat. no 10BA40), a 6 mm fluted spherical burr (cat. no 10BA60), a 4 mm fluted cylindrical burr (cat. no 10CY40), and a 6 mm fluted cylindrical burr (cat. no 10CY60), all manufactured by Medtronic. The translational motion that is required between the burring tool and the workpiece is supplied by means of an Instron actuator to which the burring tool clamp was securely attached.
The orientation of the tool with respect to the workpiece is determined by two different angles (inclination and tilt) that constitute an appropriate replica of their five-axis surface machining counterparts. These two angles play a significant role on the type and/or amount of contact/engagement between the tool and workpiece and while it is reasonable to expect that they will have a minimal effect in case of a spherical-shaped tool, this will no longer be the case for other types of tool geometries. For the developed system, the tilt of the tool is obtained by rotating the shaft of the Instron actuator about its own vertical Z-axis (Figure 1 ). This allows the burring tool to rotate in a horizontal XY plane that is perpendicular on the shaft of the actuator. On the other hand, the inclination of the tool can be changed in a vertical XZ plane by means of the circular pattern of holes. Unlike the tilt angle that can be continuously varied virtually anywhere between 0°and 360°, the pattern of holes allows a change in the inclination angle between -45°and 45°(in 5°increments). While limited, it is assumed that this range is sufficient to cover the diversity of situations that can be encountered in the typical orthopedic practice.
To capture burring-induced vibrations, a single-axis piezoelectric accelerometer (Endevco, model 42A16; Meggitt Sensing Systems, Fribourg, Switzerland) was mounted on the burring tool in order to capture the vibrations of the tool holding system along the vertical Z-axis. To ensure the accuracy of the measurements, the output of the accelerometer was passed through a signal conditioner (Endevco, model 4416B; Meggitt Sensing Systems) before any further processing.
To numerically quantify the post-burring superficial temperature of the workpiece, an infrared pyrometer (model CT-SF02; Micro-Epsilon, Raleigh, NC, USA) was also attached to the tool holding assembly. The additional CF02 lens mounted at the end of the pyrometer enables the reduction of the measuring spot size to 2.4 mm at a standoff/focal distance of 25 mm. It is important to note here that although it is conceivable that the temperature of the workpiece/bone would be the highest at burr/bone contact area, this optimal measurement location is permanently occluded by the tool itself. Because of this, the infrared pyrometer was aimed to a machined area that is positioned immediately behind-in other words, ''trailing''-the burring tool.
Instrumented workpiece holding system
The fixture depicted in Figure 2 was custom-designed and fabricated to maintain the workpiece in a fixed spatial position with respect to the Instron frame and therefore the burring tool. The primary component used to ensure the location, support, as well as clamping of the prismatic samples was a conventional tool shop vise. For testing and validation purposes of the present study, cancellous-grade sawbone was chosen as the workpiece material since it ensures a uniform and consistent biomechanical structure. 21 The selected sawbone has a density of 20 lb/ft 3 , which is comparable to that of a healthy articular bone 22 (Table 1) . A three-axis load cell (Mini45, ATI Technologies, Markham, ON, Canada) was placed between the workholding device and the two-axis stage used to control the depth of the cut (along X-axis) as well as the overlap between adjacent cutting tracks (along Y-axis). The role of the installed load cell was to measure three-axial cutting forces generated at the burring tool/sawbone interface.
Data acquisition system
To ensure the correct time synchronization of all three outcome measurements (tool vibration, specimen temperature, and burring force), all data collected by the sensors were supplied to an USB-6210 data acquisition unit (National Instruments Corporation, Austin, TX, USA). NI LabVIEW software was used for collection and post-processing of the data that was sampled at 25 kHz for all transducers. Since the custom-built data acquisition system will be used to monitor cutting forces in an averaged, rather than per/revolution cutting force, this frequency is prone to provide a sufficient quality of the collected data.
To evaluate and/or compare the effect of various sets of process parameters on tool vibrations, a metric derived from standards focused on the assessment of the hand-arm vibrations 23 was devised and used in the present work. More specifically, a number of previous researchers have relied on the root-mean-square (rms) vibration-quantified through use of a frequencyweighting technique (ranging between 8 and 1000 Hz)-to assess the health risks associated with prolonged hand-arm vibrations. [24] [25] [26] However, as the main goal of the current study is to quantify the dynamic effects over a broad range of frequencies, rather than solely those with a biomechanical impact, the aforementioned metric was used over the entire accelerometer spectrum (1-10,000 Hz) to calculate the root-mean-square vibration (expressed in g rms units).
To allow for consistent comparisons of the bone temperature attained during burring, a constant burring length (65 mm) was employed for each sawbone specimen. To limit the excessive amount of irrelevant data collected by the pyrometer-caused in part by the slowly changing temperature combined with the relatively low sensibility and/or resolution of the measuring instrument-the temperature measurements were decimated to 100 Hz for post-processing purposes. A maximum of 100 samples of temperature measurements were extracted from the stable-state burring region and then post-processed to determine the mean temperature of the workpiece attained during burring trials. To enable consistent comparisons of the cutting forces, the cutting force signal was decimated at 1 kHz and a double Butterworth low pass filter of 10 Hz was then applied. The reported cutting force value was 
Experimental protocol

Sample run
To perform the initial tests of the developed experimental apparatus, a representative combination of burring parameters was selected as follows:
Rotational speed of the tool: 45,000 r/min; Tool type: spherical burring tool of 6 mm diameter; Depth of cut: 1.0 mm; Feed rate: 6 mm/s; Cutting track overlap: 50%; Inclination angle: 0°; Tilt angle: 45°.
Three independent cuts were performed to verify the repeatability of the developed system. The signal-tonoise ratio (SNR) was also used to assess the performance of the load sensing device. A SNR of greater than 5 dB was deemed appropriate since it is aligned with the previous experimental data acquired in a bone burring process. 18 
Temperature normalization
While it is reasonable to believe that the temperature reaches its highest value precisely at burr/bone interface, the majority presently available measuring sensors cannot be positioned in direct contact with this interface. As such similar to prior studies the current experimental apparatus relies on a rather indirect temperature measurement technique since the infrared pyrometer was aimed at an area located immediately behind/trailing the cutting tool ( Figure 3) .
Beyond that, it is important to emphasize that although the linear distance between the tip of the pyrometer and that of the burring tool is fixed, the time required to travel this distance is in fact dependent on the burring feed rate in a sense that slower feed rates will allow longer heat dissipation times and hence more inaccurate measurements, whereas faster feed rates would presumably yield more accurate recordings of the maximum temperature reached by the specimen. To account for this, Newton's law of cooling was used to extrapolate the temperature at the burring contact point by fitting an exponential curve to temperatures that were experimentally evaluated at 5, 10, and 15 mm (five repeated measurements) from the center of the tool tip. To assess the effect of tool velocity on the cooling curve, the burr was moved with 2 and 6 mm/s, respectively. An exponential curve of best fit was applied to the results obtained for both feed rates and the coefficient of determination (r 2 ) was used to evaluate the goodness of fit.
Experimental study design
A full factorial analysis was conducted to determine the effects of the burring process parameters on the selected outcome measurements. All independent variables (i.e. process parameters) were assigned values (Table 2) , which were aligned with those previously reported in the surveyed literature, 11, 12, 17, 18 and they were also chosen to preserve the clinical relevancy of the cutting trials. To restrict the size of the experimental matrix, certain variables had only two levels since this was deemed sufficient to determine whether they have a statistically significant effect on the analyzed outcome variables, namely temperature at the tool/workpiece interface, tool vibration, and triaxial cutting forces. The parameters above allowed the construction of a fully balanced experimental matrix with 864 (= 2 3 2 3 2 3 3 3 3 3 2 3 2 3 3) unique combinations of process parameters. Since each trial cut was conducted in triplicate, the selected experimental matrix has led to a total of 2592 observations/burring experiments.
To postprocess the data, a multivariate analysis of variance (MANOVA) was initially conducted to determine whether the selected independent variables were capable to produce a statistically significant effect on the three aforementioned outcome measurements. The results were further analyzed by conducting a univariate analysis of variance (ANOVA) on each of the dependent variables. An overall alpha of 0.05 (p \ 0.05) was used to determine statistical significance. All results are reported as the population mean 6 95% confidence interval.
Identification of the relative effect of the process parameters
When it comes down to identification of the interactions between process parameters above the second level, the post-processing of a large experimental matrixcharacterized by eight independent variables-represents a relatively challenging task. As such, further subdivisions of the original experimental matrix into smaller subsets-that are essentially easier to analyze and interpret in a more intuitive manner-are recommended.
With this in mind, the general experimental matrix was distilled into smaller subsets of parameters by means of a heuristic filtering process. The primary goal of the filtering process was to select a smaller set of process parameters capable to generate optimal outcome measurements (i.e. local minimums) and suboptimal areas of outcome measurements (i.e. local maximums). To achieve this, the results of the general MANOVA were first scrutinized to isolate any least influential independent variables that did not cause a statistically significant and/or a large effect on the selected outcome measurements.
Based on this prescreening technique, the general experimental matrix was pruned to five least influential process parameters since the other three were found as responsible for the generation of local minimums and maximums. Since these three most influential process parameters induce a large effect on the three dependent variables, for the subsequent analysis, they were assigned constant values in correspondence with the targeted local maximum or minimum condition of the measurands.
After completing the pruning of the general matrix, the remaining combinations of process parameters were plotted and visually confirmed to meet the overlying criteria. This process was then repeated for each of the criteria associated with the reduced sample set. The average, maximum, and minimum, of all outcome measurements within the reduced sample sets was calculated. A MANOVA was performed on the reduced parameter sets in order to outline the effects the process parameters on the outcome measurements associated with bone burring. An overall alpha of 0.05 (p \ 0.05) was used to determine the statistical significance.
Results
Sample output
The analysis of the acquired sample data indicates that under the tested cutting conditions, the superficial temperature of the workpiece increased from 20.7°C 6 0.1°C to 27.8°C 6 0.1°C, while the cutting forces generated in the process were all less than 1 N (F X = 0.55 6 0.06 N, F Y = 0.30 6 0.07 N, F Z = 20.61 6 0.06 N) (Figure 4) . The vibrations generated during the process varied between +25 and -22 g (peak-topeak values) with a root-mean-square (rms) value of 4.4 g. The repeatability of the system (61 standard deviation) was found to be F X = 0.08 N, F Y = 0.01 N, F Z = 0.09 N, vibration = 0.36 g rms, and temperature = 1.4°C. The SNR of the load cell in each direction was found to be F X = 8.8 dB, F Y = 6.8 dB, and F Z = 10.1 dB.
Tool/bone contact temperature estimation
An exponential curve was fitted to the temperature points that were experimentally measured while traveling vertically downward along Z-axis (Figure 4(a) ) at 2 and 6 mm/s, respectively ( Figure 5 ). The extrapolation of the two curves to X-axis origin suggests that the temperature at the cutting point reaches approximately 32°C-33°C. Since both curves of best fit showed a strong correlation (r 2 . 0.87), the normalization technique outlined here was subsequently used to estimate/correct the temperature at tool/bone interface for all experiments performed as part of the full factorial matrix.
Statistical significance in MANOVA
Statistical significance (p \ 0.001) was established at the multivariate level for each of the analyzed process parameters. Statistical significance was also determined at the univariate level (p \ 0.001) for each of the outcome measurements as well as process parameters.
Elimination of clinically irrelevant outcome parameters
Since statistical significance (p \ 0.001) was found at both multivariate and univariate levels in the eight-way MANOVA, no independent variables could be disregarded on the basis of the initial statistical analysis. However, since all burring forces were measured as being less than 3 N and thus characterized by a minimal clinical relevance, this dependent variable was discarded from the subsequent analysis in a sense that process parameters were used to identify combinations that resulted in optimal and suboptimal outcomes for temperature and vibration only.
Dependence of temperature and vibration on process parameters
Suboptimal set of process parameters leading to local maximums. The heuristic filtering method described in section ''Identification of the relative effect of the process parameters'' was used to set a fixed value for several independent variables such as tool rotational speed at 75,000 r/min, inclination angle at 0°, and tool path overlap at 0%. However, since a 0% overlap has a relatively low practical relevance (typically being used only during the first cut of burring path), the parameter was adjusted at 10% for the reduced subset of full factorial experiments. Since from a clinical perspective, large vibrations and temperatures are undesirable byproducts of the burring process, the reduced subset of five process parameters used in this case (e.g. tool type, diameter, tilt angle, feed rate, and depth of cut) was termed as suboptimal.
The pooled results obtained from the suboptimal set yielded an average temperature of 37.1°C 6 7.8°C and a mean tool vibration amplitude of 6.2 6 1.5 g rms. The maximum temperature and tool vibration amplitudes were found to be 50.8°C and 12.7 g rms, respectively, whereas their minimum values were 23.4°C and 3.8 g rms ( Figure 6 ). Each of the process parameters included in the analysis was found to produce statistically significant differences at the multivariate level (p \ 0.001) ( Table 3 , data presented as mean 6 95% confidence interval). As the tabular data suggest, increasing the feed rate from 2 to 6 mm/s resulted in an increase of 1.23 6 0.21 g rms (p \ 0.001). The tilt angle of 0°r esulted in a mean vibration of 6.58 6 0.21 g rms, whereas the tilt angle of 45°resulted in a mean vibration of 5.82 6 0.21 g rms (p \ 0.001). The diameter of the tool and depth of cut did not produce statistically significant differences in tool vibration (high p-values). The spherical burr produced lower mean temperatures than the one with a cylindrical shape (31.9°C 6 0.5°C vs 42.3°C 6 0.5°C, p \ 0.001) (Figure 7 ).
Optimal set of process parameters leading to local minimums. The same original heuristic filtering technique has suggested that the locking of rotational speed at 15,000 r/min, feed rate at 2 mm/s, and overlap at 50% will yield local minimums for the two outcome variables in discussion. Similar to the local maximums scenario, the remainder of five independent variables (tool type, diameter, tilt angle, inclination angle, depth of cut) was used to form the reduced set of optimal parameters that were included in the experimental matrix.
In this case, the pooled results of the fixing the mentioned parameters yielded an average temperature of 35.1°C 6 8.5°C and a mean tool vibration of 2.0 6 0.6 g rms (Figure 8 ). The maximum temperature and tool vibration were found to be 63.0°C and 4.0 g rms, respectively, whereas their minimum values were found to be 23.7°C and 0.6 g rms, respectively. Each of the process parameters included in the analysis produced statistically significant differences at the multivariate level (p \ 0.001) ( Table 4 , data presented as mean 6 95% confidence interval). The burring trials showed that the inclination angle of +40°results in an average vibration of 1.87 6 0.07 g rms, whereas 0°and -40°i nclination resulted in 2.06 6 0.07 g rms (p \ 0.001) and 1.98 6 0.07 g rms (p \ 0.001), respectively. Furthermore, the depth of cut of 0.5 mm produced a mean vibration of 0.48 6 0.08 g rms that is less than that produced by the larger 1 mm depth of cut (p \ 0.001). The inclination angle of +40°(28.6°C 6 0.5°C) produced the lowest average temperature compared to 0°(39.5°C 6 0.5°C) (p \ 0.001) and -40°(37.3°C 6 0.5°C) (p \ 0.001). The depth of cut of 0.5 mm produced a mean temperature of 31.8°C 6 0.4°C whereas a larger depth of cut of 1.0 mm produced a mean temperature of 38.5°C 6 0.4°C (p \ 0.001). At 0°inclina-tion, the cylindrical tool produced a mean temperature of 44.9°C 6 0.7°C, whereas at the same inclination angle, the spherical tool yielded a mean temperature of 34.0°C 6 0.7°C (p \ 0.001) ( Figure 9 ).
Discussion
The body of work presented in this study contributes to the existing knowledge related to the bone burring process that could be involved in robot-assisted bone removal. To better characterize the process, a custombuilt experimental apparatus was designed and fabricated to allow the variation of eight independent process variables along with a concurrent measurement of three dependent outcomes that were captured by means of the integrated transducers. The high signal-to-noise ratios along with the high repeatability of the system obtained in the preliminary tests performed have suggested that the developed experimental apparatus is capable to effectively and accurately evaluate specific bone burring conditions as tested through an in vitro bench top setup. Interestingly, while high repeatability and precision are desirable attributes of any experimental setup, the low variability achieved in the current study has actually translated into difficulties associated with the identification of the statistical relevance of the process parameters that were used in the full factorial matrix (i.e., 864 burring trials conducted in triplicate). To avoid the relatively unrealistic preliminary conclusion that even the smallest changes in any of the analyzed independent variables will inevitably lead to statistically significant effects in any of the three measurands of interest (as assessed at both multivariate and univariate levels) a heuristic filtering method was used to identify three of the most influential independent variables that were capable of generating important changes in the analyzed outcome parameters. Of note, for the remainder of the analysis, cutting forces were discarded from the set of analyzed outcomes, primarily due to their low (i.e. \ 3 N) magnitudes that have a relatively small clinical relevance, especially in the context of robotassisted procedures.
Somewhat expectedly, small rotational speeds (15,000 r/min), lower feed rates (2 mm/s), and large overlaps (50%) were found to yield local minimums for temperature (\ 30°C) and vibration (\ 3 g rms). In contrast, maximum rotational speeds (75,000 r/min), perpendicular to feed direction tool orientation (i.e. inclination angle set to 0°) and small overlaps between adjacent tool paths (10%), were responsible for the attainment of the local maximums for the two aforementioned measurands: temperature in excess of 50°C and vibrations larger than 12 g rms. Evidently, burring operations should be carried out outside of the latter suboptimal/worst case scenario conditions.
Although certain combinations of parameters within the suboptimal set have led to favorable temperature outcomes, vibration levels were overall much larger than those generated by the optimal set of parameters. The relatively broad spectrum of temperatures that were observed in both suboptimal and optimal conditions contrasts with the small spread that observed for vibrations. While definite answers for this behavior cannot be provided at this time, it might be reasonable to believe that the inherent mechanics of the burring simply makes the temperature an objective function that is much more difficult to control. On the other hand, the results presented suggest clearly that tool vibrations generated during burring were strongly influenced by the rotational speed of the tool (i.e. higher rotational speeds resulted in higher accelerations), whereas the temperature was more influenced by the type and angle of tool with respect to the workpiece.
The results obtained under optimally controlled conditions ( Figure 9 ) imply that when the cylindrical burr is oriented at 0°for both inclination and tilt angles, the temperature could reach as high as 63°C with high potential for osteonecrosis.
2 Therefore, to use the cylindrical tool safely, the cutter should enter the burring process either with a positive or a negative inclination angle. That being said, the results in Figure 9 suggest that preference should be given to positive angles, since they would yield lower vibrations and bone temperatures.
Clearly, evaluating the process parameters on a sawbone analog can be regarded as one of the limitations of the present study, due to the inherent differences between the artificial foam and human cancellous bone. However, the natural variation of the structural properties of the human bone would have translated into an inevitable ''noise'' in the measured outcomes, possibly leading to erroneous conclusions. The use of sawbone material with consistent and controlled properties provided low variability required to accurately compare the statistical significance of the various burring conditions. In other words, the use of a ''constant'' workpiece material with consistent properties has enabled a more controlled investigation of the effect of process parameters on dependent variables. While there is little doubt that the magnitude of the outcome variables will be different in real bone, the relative trends observed in sawbone will remain relevant.
One of the most significant strengths of this work resides in the large number of independent and dependent variables that were included in the experimental protocol. The breadth of the present study is considerably larger than any of the previously reported attempts that have concluded with relatively comparable findings. 11, 12, 18 Moreover, the full factorial experimental design has enabled a comprehensive examination of the effects and interplays between the eight considered process parameters. This extensive analysis has eliminated the inherent confound that is present in some of the prior studies that have fixed some of the key process parameters and by doing so, they might have indirectly ruled out certain optimal combinations of independent variables.
As an overall and more general conclusion, bone burring should be ideally performed with a spherical tool, or at least this should be the case when it comes to use it within the analyzed range of the eight process parameters. Conversely, cylindrical burrs should be avoided unless it can be ensured that zero inclination and tilt angles are avoided. Finally, the optimal set of parameters would consist of a 6 mm spherical burr turning at 15,000 r/min, moving with 2 mm/s along the tool path and with 50% overlap between adjacent tool paths. This combination is the safest when it comes to avoiding high temperatures/vibrations and it also provides the flexibility to variably engage with the bone (through changes in cutting depth and inclination/tilt angles) but without sacrificing the low/minimal temperature and vibration outputs.
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